1 Abstract-During the recent years, with its increasing steel production, Turkey has succeeded to become one of the ten biggest steel producer countries in the world. In Turkey, there are 3 integrated plants and 27 Electric Arc Furnace (EAF) plants in operation for iron-steel production. 71,3 % of the steel products was produced by EAF plants and also it is planned for new plants to produce with arc furnaces. In this study, power quality problems caused by 60MVA arc furnace at Sivas Iron and Steel Incorporated Company (SIDEMIR), have been examined by HIOKI 3197 and Chauvin Arnoux(CA) 8332B power quality analysers according to IEC 61000-4-30 standards. In addition, with equivalent circuit model designed by utilizing Electromagnetic Transient Program(EMTP) software, possible harmonic effects on the electricity grid have been evalauted and by determining power quality problems caused by EAF-60 furnace, solution offers were presented in order to improve power quality.
I. INTRODUCTION
The iron and steel industry has an important role in global economy and meets the raw material requirements of many sectors especially such as automotive and construction. During the recent years Turkey, with its increasing steel production, has succeeded to become one of the ten biggest steel producer countries in the world. Today in Turkey, 71,3 % of the steel product is produced by Electric Arc Furnace (EAF) plants [1] and the total electricity requirement of these plants is approximately one-tenth of production demand power in Turkey [2] .
Developments in EAF field have started after the Second World War and showed a fast progression in parallel with the technological developments in Electricity, Metallurgy and Mechanic fields. EAFs with low melting capacities have become popular among other systems by their improving melting capacity and lower production costs. Today with increasing demand of metal the melting capacities of EAFs have become necessary to increase. Therefore; in order to increase EAF capacities, transformer power as well as the energy used have been increasing [3] . Requirement of some new technologies has come out in parallel with increasing EAF capacities. Therefore, it is necessary to use cooling systems in furnace linings [4] , O2 burners for fast melting [5] , electrode checking with automatic control systems [6] , 7] and computer systems to control other processes. Although EAFs have many advantages in iron-steel production, they cause power quality problems because of their nonlinear working characteristics [8] - [15] .
Power quality problems caused by EAFs have been an investigation subject for many researchers. Issouribehere et al. have defined single-phase equivalent circuit of EAF plants considering different working conditions of EAFs at boring, melting and refining processes [16] . In addition, Issouribehere et al. have examined the relations between the regulations of EAF in Argentina and limit values at power quality [17] . Mayardomo et al., in their studies, have determined EAF plant power quality problems according to the IEC 61000-4-30 standard [18] . Mayardomo and Hernandez, in addition to their studies, have examined EAF based interharmonics and described flicker propagation based on interharmonics. Deacanu et al., have performed experimental analyses and modelling for modernization of 100-t EAF system [19] . Donsion, using experimental measurements and analyses, has examined the effect of Static Var Compensation (SVC) systems on harmonics, flicker and imbalance caused by EAFs [20] . Boulet et al., in their studies, have searched for the effect of accuracy of EAF power quality measurements and they have determined that 2 % faulty measurements were carried out when filter groups were not used during measurement [21] . As for studies in Turkey, in scope of Power Quality National Project, power quality problems on the national network are continuously monitored by remote monitoring systems and it is determined that 2 nd harmonic values are increased because of using SVC systems on EAFs [22] , [23] . In this study, power quality problems caused by 60MVA arc furnace at Sivas Iron and Steel Incorporated Company (SIDEMIR) are examined by HIOKI 3197 and Chauvin Arnoux(CA) 8332B power quality analysers according to the IEC 61000-4-30 standard [24] . Also with equivalent circuit model, designed by utilizing Electromagnetic Transient Program (EMTP) software, possible harmonic effects on the electricity network have been considered and solution offers are presented in order to improve power quality of the existing plant. Thus, the results of this study have great importance in terms of planning new EAFs to be built in Turkey and reducing power quality problems.
II. BASIC ACCEPTANCES OF POWER QUALITY PARAMETERS
ON ELECTRICAL SYSTEMS According to basic acceptances of power quality, current and voltage have non-sinusoidal structures and are stated with (1) and (2):
Total harmonic distortion of current and voltage is defined in relation with RMS values of current and voltage at basic frequency [25] :
 total harmonic distortion of voltage value
 total harmonic distortion of current value
are defined with the above equations. In these equations, U (1) and I(1) are the RMS values of current and voltage at basic frequency. Some researchers have stated flicker effect and harmonics to be in direct relation with each other [26] , [27] . Flicker effect is fluctuations that are observed at voltage amplitude and that can be perceived by the eye at about 3 Hz-10 Hz. Flicker effect can be modelled by amplitude modulation according to the IEC 61000-4-15 standard in international literature [28] . According to this definition flicker modulation can be expressed with (5)
where m is modulation index of flicker statement, c  is frequency of the power system and A is modulation amplitude. Also, according to the IEC 61000-4-15 standard, two different flicker effects are defined as short-term flicker magnitude (Pst) and long term flicker magnitude (Plt). Short term flicker magnitude can be calculated according to 10 minutes of measuring period as in (6) [29] .
Long term flicker effect is expressed in (7) related to short term values in a longer time period
where Pst(i)(i = 1, 2, 3 ….) are successive Pst values and N is the number of measurement period [29] . The magnitude of the flicker caused EAF loads can be obtained directly by measuring devices and also can be calculated from the voltage fluctuations that are measured by using advanced simulation programs. In order to prevent flicker effect problem EAFs should be connected at points with least voltage drop on the network. In the studies, it is determined that this voltage drop value should not exceed 2 % at 132 kV and lower voltage levels and 1.6 % at voltage levels higher than 132 kV [28] .
III. EXPERIMENTAL MEASUREMENT OF THE EAF-60 POWER QUALITY PARAMETERS
Single line diagram of the dirty busbar feeding EAF-60 plant in SIDEMIR is given in Fig. 1 . At the plant subject to examination, power quality problems caused by EAF-60 load have been recorded with the help of PQ analysers at various times, daily and weekly between the dates 28.04.2012-11.07.2012. Since the EAF load shows similar stochastic behaviour at the different melting periods, the measurement taken between dates 10.07.2012-11-07.2012 have been presented in this study in order to provide better understanding of the graphs, which are obtained experimentally.
Between the dates 10/07/2012-11/07/2012, Chauvin Arnoux (CA) 8332B power quality analyser was connected with three phase to the 34.5 kV busbar of the circuit of which the single line figure was given and power quality problems on the 34.5 kV busbar were recorded(as 3 seconds cycles and 20 seconds averages). Synchronously HIOKI 3197 power quality analyser was connected to the secondary measurement cell of the TR 1 transformer and current and voltage changes at different operational processes of the EAF were recorded with 12 cycles and 1024 Hz resolution.
A. 34.5 kV Busbar Measurement Results for EAF Plant
Turkish Electricity Transmission Company (TEIAS) does not permit for connecting an analyser to 380 kV main busbar. Because of that HIOKI 3197 power analyser has been connected to the secondary busbar of the Tr-1 transformer and assessments have been carried out by using transformation parameters of the transformer. CA 8332B power quality analyser has been connected to the 34.5 kV busbar and power quality parameters have been measured according to four different operational status occurring at the melting process of the EAF as charging(C), boring(B), melting(M) and refining(R) phases. Since plant execution does not allow for disabling compensation and filter groups during the measurement process the measurements have been taken when the compensation system and harmonic filters were on. In order to understand better the operational processes during the melting process of the EAF in subject the measurements during one melting process have been defined graphically and operational process times of the EAF load during one melting process are shown in Table I . As seen in Table I , C(i), B, M and R are referred charge number, boring, melting and refining respectively for a melting process when SVC system status is on.
Active and reactive power changes caused by EAF load during the melting process in Table I are graphically shown in Fig. 2 Inductive/Reactive ratio of the EAF load in subject is seen as 78.44 %. It means the inductive power factor is about 0.8. The power factor of the "A" phase measured at the 34.5 kV busbar is graphically shown in Fig. 3 . As shown in Fig. 3 , when reactive power compensation is realized by Static Var Compensation (SVC) the average power factor value comes out about 0.8. This case shows that SVC system successfully provides reactive power compensation of the system.
B. Measurement and Examination of Current and Voltage Harmonics caused by EAF-60
IK/IL value, expressed in the regulations of TEIAS, should be calculated in order to define the standards to be followed for determining harmonic current limit values on the electricity transmission system in Turkey and based on this value limit values for harmonic currents should be defined [30] . The short circuit current of the 380 kV busbar feeding the EAF system is 11070 A, so the short circuit current of the 34.5 kV busbar can be calculated as follows: [30] . Total harmonic distortion of the three phases measured by the CA 8332B at the 34.5 kV busbar is shown in Fig. 4 . Based on the limit values the total harmonic distortion values, measured in relation with each even and odd current harmonic, are also shown in Fig. 5 . Fig. 4 . Total Harmonic Distortion of the three phases measurement at the 34.5 kV main busbar feeding the EAF-60(Harmonic distortion limit value is 5 %).
As it is seen in the measurement results, shown in Fig. 5 th harmonics are determined to be higher than the standards defined in the regulation. Most of the current harmonic distortions that effect power quality occurs at the As depicted in Fig. 6 , it is seen that harmonic currents in EAF operational process occur more in boring process and less changes of harmonic currents are in refining process.
When voltage harmonics of the 34.5 kV busbar feeding the EAF system are examined; it is seen that other voltage harmonic values except 2 nd , 3 rd , 4 th and 6 th harmonics are in desired limit values stated in the regulations. While the 2 nd and 4t th harmonic limit values are generally higher than the standards 3 rd and 6 th harmonics occasionally exceed the limit value. In order to understand voltage harmonics better, percental changes of 2-7 th voltage harmonics (of about 10 hours) by time are shown in Fig. 7 and percental change of the total voltage harmonic distortion by time is shown in Fig. 8 .
C. Examination of Flicker Effect Caused by EAF-60
It is stated that the ratio of the minimum short circuit power to the nominal furnace power at the common connection point where EAFs are supplied should be more than 80 to eliminate flicker effect [31] . Contrarily Mendis et al. have stated that this ratio should be more than 50 [32] .
The acceptance of (11) can be used between the short circuit power at the common connection point and the arc furnace power. 
where Sk is network short circuit power at the common connection point and n is the number of furnaces operating together. In developed countries average short circuit powers in 380 kV systems are above 16000 MVA while the minimum short circuit power (SCMVAmin) of the network connection point of the EAF in subject is 7250 MVA and there is no other furnace connected on the network. In this Fig. 10 . As it is seen in the measurement results although the ratio of the short circuit power at the common connection point to the short circuit power of the 60 MVA EAF is more than 80-100 flicker effect is observed.
D. Current and Voltage Fluctuations at 34.5 kV Busbar
12-cycle waveforms and frequency spectrums(obtained by HIOKI 3197 PQ analyser) of the EAF TR1 transformer's 34.5 kV secondary output during boring, melting and refining processes and theirs FFT analysis are respectively shown in Fig. 11, Fig. 12 and Fig. 13 as example. As it is seen on the figures the most harmonic effect occurs during boring process and melting process. In refining process the current and the voltage fluctuations are almost in sinusoidal form.
E. Assessment of the Measurement Results
When the measurement results are examined it is seen that at the EAF 34.5 kV busbar the harmonic currents except 21, 23, 24, 25, 27, 29 and 30 th harmonics exceed the limit values. 2 nd and 4 th voltage harmonics are above the limit values 3 rd and 6 th voltage harmonics occasionally exceed the limit values. Total harmonic distortion values of the current and the voltage harmonics exceed the limit values. The system is 78 % inductive in terms of energy. Also, the short term and the long term flicker values are above the limit values and flicker effect can occur even the ratio of the short circuit power at the common connection point to EAF transformer power is above 100.
IV. SOLUTION OFFERS TO IMPROVE POWER QUALITY IN SIDEMIR PLANT
Electromagmetic Transient Program (EMTP) has been used to assess the effects of the harmonics at the 34.5 kV medium voltage busbar in SIDEMIR plant. Calculation methods expressed in [33] , [34] and circuit parameters have been used to define a phase equivalent circuit of the system feeding the EAF. 100 Hz 15. Using these scheme harmonics created at the network for 1A current has been calculated. As shown in Fig. 15 some currents are rising while some of them are filtered. However the 2 nd and 4 th harmonic currents are not filtered. This result corresponds to the experimental measurement scenarios. Also, it is determined that there is a little rise of the interharmonics between 100 Hz-150 Hz.
As it is shown in the simulation result, the distortions of the 5 th and above harmonics will be caused by SIDEMIR plant. The filters are enough for the odd harmonics of the system.
The reason why the total harmonic distortion is over the limit values is the even harmonics. Also, the flicker effect is caused by the even harmonics. Reducing the even harmonics will provide improvement on both the total harmonic distortion and the flicker effect. Even harmonic currents are caused by the SVC system and the below methods can be offered to be able to reduce even harmonics.
A. Reducing Even Harmonics
It is determined out of the experimental and EMTP simulation results that even harmonics have not been filtered enough. The biggest effect is caused by the 2 nd harmonic component among the even harmonics. By changing the characterization of the 2 nd harmonic filter, the harmonic values can be reduced but this may cause the interharmonics between 50 Hz-100 Hz to rise. Reducing the furnace power can be considered as another method for reducing the even harmonics but this case will cause production losses.
B. Increasing the Short Circuit Power of the Grid
EAFs should be connected to the points with higher short circuit power on the grid and the effects of the currents caused by harmonics will reduce on the networks with high short circuit power. However, in the existing system, increasing the short circuit power of the network is under the initiative of TEIAS and it comes with a high cost.
C. Reducing the Current of the Arc Furnace
The current can be limited using series reactor in the EAF. But this case causes two negative effects. The first effect is the dropping production capacity because of the EAF current limitation and this is not a desired case. The second effect is the change of the harmonic currents created at the network when series reactor is used. When the simulation shown in Fig. 19 , it is repeated with series reactor application the frequency-current change occurs as shown in Fig. 16 . Fig. 16 . Harmonic emission of the SIDEMIR 34.5 kV dirty busbar system in case of using series reactor on grid side.
As it is seen in Fig. 16 series reactor application causes 4 th Harmonic value to reduce while it causes 2 th Harmonic created by the SVC system to rise. Therefore, series reactor application does not improve power quality problems of the existing system and affects production performance negatively.
D. Increasing the Installed Power of the Compensation System or Replacing the Compensation System with a Static Var Compensation that May Work Faster
The existing Static Var Compensation can be said to be efficient in reducing reactive power but it is clear that using Static Var Compensation causes even harmonics on the network. For this reason, Static Var Compensation is the most important factor increasing flicker effect and it is not efficient to use this type of compensation systems on arc furnaces. Instead of the existing compensation system fast working Thyristor Controlled Reactor (TCR) or Static Compensator (STATCOM) etc. systems can be used.
V. CONCLUSIONS
As a result of the experimental studies on the single furnace SIDEMIR EAF-60 system and EMTP simulation analysis the below results have been described in order to improve the power quality of the existing system and make planning for new EAF plants;
1. Power quality problems are mostly seen at boring processes on EAFs. 3. Even if the ratio of the short circuit power at the common connection point to the short circuit power of the EAF (SCMVAmin/MVAEAF) is more than 80 flicker effect can be observed in case of using SVC compensation system. SVC system should not be used in plants considered to be newly planned in Turkey or in case of using SVC system the SCMVAmin/MVAEAF ratio should be chosen above 120. If these conditions cannot be provided the short circuit power of the network at the common connection point of the EAF system should be increased. 4 . In order to reduce flicker effect, electric arc current can be reduced and in this method series reactors are commonly used. When series reactor is used the 4 th harmonic values, that caused by SVC system, reduce while the 2 th Harmonic values increase. For this reason, in such type of systems, series reactor usage should be realized after analysing harmonic effects by advanced simulation programs. The limitation of the arc current also causes production performance to fall down. 5. The characteristics of the filters to be used for reducing even harmonics caused by SVC systems on EAFs should be observed well with the help of advanced simulation programs like EMTP. Because changing filter characteristics can cause interharmonics to rise up between 50 Hz-100 Hz and 100 Hz-150 Hz.
